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Abstract23
In cold polar waters, temperatures sometimes drop below the freezing point, a process24
referred to as supercooling. However, observational challenges in polar regions limit our25
understanding of the spatial and temporal extent of this phenomenon. We here provide26
observational evidence that supercooled waters are much more widespread in the sea-27
sonally ice-covered Southern Ocean than previously reported. In 5.8% of all analyzed28
hydrographic profiles south of 55◦ S, we find temperatures below the surface freezing point29
(‘potential’ supercooling), and half of these have temperatures below the local freezing30
point (‘in-situ’ supercooling). Their occurrence doubles when neglecting measurement31
uncertainties. We attribute deep coastal-ocean supercooling to melting of Antarctic ice32
shelves, and surface-induced supercooling in the seasonal sea-ice region to winter-time33
sea-ice formation. The latter supercooling type can extend down to the permanent py-34
cnocline due to convective sinking plumes—an important mechanism for vertical tracer35
transport and water-mass structure in the polar ocean.36
Plain Language Summary37
Ocean water, which contains about 34 g of salt per kg of seawater, generally freezes38
around −1.85 ◦C. However, seawater can be cooled to even lower temperatures without39
turning into ice. This phenomenon is called supercooling. Supercooled water is found40
in the polar oceans, typically in regions where the ocean is in contact with ice, as is the41
case for the enormous seasonal sea-ice region around Antarctica. But collecting measure-42
ments in this region under the thick ice cover during the dark and cold Antarctic win-43
ter is challenging. Here, we supplement rather sparse traditional ship-based observations44
with data collected by autonomous floats and instrumented marine mammals to detect45
and analyze where, when, and how supercooled seawater forms in the Southern Ocean.46
We find widespread supercooling related to melting floating glaciers (ice shelves) along47
the Antarctic coast and sea-ice formation. Our analysis enables us to detect sinking su-48
percooled plumes from sea-ice formation, which may be important for cooling the deep49
ocean and transporting constituents such as carbon, nutrients, or oxygen from the ocean’s50
surface to deeper layers.51
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1 Introduction52
Supercooled water, i.e., water with a temperature below a reference freezing point53
temperature, has been observed in the polar oceans of the Arctic (e.g. Drucker et al.,54
2003; Skogseth et al., 2009; Katlein et al., 2020) and Antarctic (e.g. Countryman, 1970;55
Lewis & Perkin, 1986; Brett et al., 2020). Seawater may be supercooled relative to the56
local freezing point, making it ‘in-situ’ supercooled (Ushio & Wakatsuchi, 1993), or the57
surface ocean freezing point, making it ‘potentially’ supercooled (Shcherbina et al., 2004).58
Despite scattered observational evidence of both in-situ and potentially supercooled wa-59
ters in polar oceans, extensive temporal and spatial surveys have been difficult to con-60
duct due to the harsh environmental conditions under which these low temperatures oc-61
cur. Hydrographic data collected by autonomous profiling floats with an ice avoidance62
algorithm (Wong & Riser, 2011; Riser et al., 2018) and instrumented marine animals (Roquet63
et al., 2013, 2014; Treasure et al., 2017) provide an opportunity to detect supercooled64
waters year-round (Figure S1). Using these data to supplement traditional ship-based65
observations, we here analyze the spatial extent and seasonal evolution of supercooled66
water in the Southern Ocean and study its causes.67
The occurrence of supercooled seawater has generally been attributed to two pro-68
cesses: (1) the melting of ice shelves at depth and (2) the formation of sea ice at the sur-69
face. The first mechanism relies on the inverse dependence of the seawater freezing point70
temperature on pressure (Figure 1). Pressurized seawater at depth and in contact with71
ice shelves in cavities loses heat as it melts the ice (Foldvik & Kvinge, 1974; Jacobs et72
al., 1985). This heat loss may cool the cavity water to temperatures approaching the lo-73
cal freezing point, which is, for example, about −2.16 ◦C at 400 m depth and 34 PSU.74
Thus, the resulting Ice Shelf Water (ISW) would be potentially supercooled relative to75
a corresponding surface freezing point of about −1.85 ◦C. Depending on its density, ISW76
either sinks as potentially supercooled Dense Shelf Water (DSW) and may leave the con-77
tinental shelf to form Deep Waters and Antarctic Bottom Water (AABW; Foldvik et al.,78
2004; Narayanan et al., 2019) or rises along the bottom of the ice shelf (Countryman,79
1970; Lewis & Perkin, 1986, Figure 1). If ISW plumes rise, their local freezing point may80
increase above the water temperature due to the decreasing pressure, leading to in-situ81
supercooling. This process is observed e.g. in McMurdo Sound off the Ross Ice Shelf, where82
in-situ supercooled ISW forms platelet ice at the subsurface (Leonard et al., 2011; Langhorne83
et al., 2015; Brett et al., 2020).84
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The formation of sea ice at the surface provides a second mechanism for generat-85
ing supercooled water. This process has been observed in Arctic (Skogseth et al., 2009;86
Ito et al., 2015) and Ross Sea (De Pace et al., 2019) polynyas during frazil-ice formation87
under strong surface heat loss and highly turbulent conditions. Similar conditions have88
been obtained in laboratory (Ushio & Wakatsuchi, 1993; Smedsrud, 2001) and model-89
ing experiments (Omstedt & Svensson, 1984; Omstedt, 1985), showing that in-situ su-90
percooling occurs when the sea-ice formation rate does not keep up with the rate of sur-91
face heat loss (Figure 1). As these in-situ supercooled surface waters sink, they become92
potentially supercooled. Potential supercooling could also result from downward mix-93
ing of frazil ice by strong winds (Matsumura & Ohshima, 2015). Additionally, supercool-94
ing is observed in the Arctic under a closed sea-ice cover and calm conditions (Peterson,95
2018; Katlein et al., 2020) and is potentially related to the rejection of cold brine from96
sea ice. Prior to the present study, there had been no evidence of widespread sea-ice in-97
duced supercooling or the occurrence of supercooled waters away from the continental98
shelf in the Southern Ocean. Because of the lower water column stability compared to99
the Arctic Ocean (Martinson, 1990), surface-induced supercooling in the Southern Ocean100
could induce vertical instabilities and convective sinking.101
In this study, we analyze hydrographic profiles from autonomous floats, marine an-102
imals, and ship-board measurements to detect and map supercooled waters across the103
entire Southern Ocean. We separate instances of supercooling into those associated with104
ice-shelf melt and sea-ice growth based on their characteristic properties. Our analysis105
of the supercooling magnitude, vertical extent, and seasonality provides new insights into106
the vertical transport of tracers by sinking plumes and the spreading of ISW.107
2 Materials and Methods108
2.1 Data109
For our analysis, we merge temperature, salinity, and pressure data from Conductivity-110
Temperature-Depth (CTD) profiles collected by three sources: autonomous Argo floats,111
ship-deployed casts, and instrumented marine mammals. We selected profiles with a “good”112
quality flag collected south of 55◦ S over the period 1972 to 2020, yielding 309,387 pro-113
files in total (Figures 2 and S1). Argo float data (Argo, 2020) have estimated uncertain-114
ties in temperature, salinity, and pressure of ±0.002◦C, ±0.01 PSU, and ±2.4 dbar, re-115
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spectively (Wong et al., 2020). Since Argo floats equipped with the ice-avoidance algo-116
rithm measure the ocean beneath sea-ice cover but cannot surface through sea ice to trans-117
mit their location, we estimate the missing locations by linearly interpolating between118
the float’s prior and subsequent surfacing positions (Riser et al., 2018; Chamberlain et119
al., 2018). Ship-deployed CTD data stem from the NOAA World Ocean Database 2018120
(Boyer et al., 2018, downloaded in NetCDF format 9 June, 2020), with estimated un-121
certainties in temperature, salinity, and pressure of ±0.002◦C, ±0.002 PSU, and ±3 dbar,122
respectively (Hood et al., 2010). Results based on ship-data do not change for a possi-123
bly larger salinity uncertainty of ±0.006 PSU. Data from instrumented marine mammals124
stem from the Marine Mammals Exploring the Oceans Pole to Pole (MEOP) consortium125
(Roquet et al., 2018). After post-processing, the estimated MEOP uncertainties in tem-126
perature and salinity are ±0.02◦C and ±0.03 PSU, respectively (Roquet et al., 2011; Barker127
& McDougall, 2017; Mensah et al., 2018). MEOP profiles are compressed prior to satel-128
lite transmission and subsequently reconstructed by linear interpolation, which increases129
the estimated temperature uncertainty from ±0.02◦C to ±0.04◦C (Siegelman et al., 2019).130
Because we are interested in the minimum temperature of each profile, our analysis is131
unaffected by this interpolation and we use the smaller estimated uncertainty. Due to132
an unknown uncertainty in pressure, we apply the same uncertainty as for ship-deployed133
sensors (±3 dbar), with our results being robust for a pressure uncertainty of up to ±10134
dbar.135
Data are retained on their original vertical levels for most of the analysis. However,136
in order to produce average hydrographic profiles (Figures 4c-f), we linearly interpolate137
all profile data to a 2-m resolution vertical grid and linearly extrapolate profiles to the138
surface if at least two data points are available in the mixed-layer or the upper 20 m of139
the water column. This extrapolation minimizes aliasing of the mean structure associ-140
ated with missing data at the surface (Figure S2). For statistical binning (e.g. Figures141
4e-h), we do not interpolate or extrapolate data, but normalize the number of supercooled142
measurements with the total number of measurements per bin to avoid aliasing. When143
assessing spatial patterns, we bin data into a regular 2◦ longitude by 1◦ latitude grid (e.g.144
Figure 2).145
Satellite-derived sea-ice concentrations used in this study stem from the merged146
product distributed through the Climate Data Record (1979 to 2018; Meier, Fetterer,147
Savoie, et al., 2017; Peng et al., 2013) and the corresponding near-real-time product (2019148
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to 2020; Meier, Fetterer, & Windnagel, 2017). Sea-ice area changes are estimated accord-149
ing to Schlosser et al. (2018).150
2.2 Identification of in-situ and potential supercooling151
We identify separately in-situ and potentially supercooled measurements in the merged152
CTD data set. We define measurements as ‘in-situ’ supercooled (Ushio & Wakatsuchi,153
1993) if their in-situ temperature is below their derived in-situ freezing point, which is154
determined by the local pressure and salinity, assuming air-free seawater (McDougall et155
al., 2014). ‘Potential’ supercooling (Shcherbina et al., 2004) is defined as the potential156
temperature (0 dbar) being below the surface-referenced (0 dbar) freezing point, which157
is a function of salinity only and corresponds to the freezing point of an air-free water158
parcel if it was adiabatically lifted to the surface. Thus, if a measurement is ‘in-situ’ su-159
percooled it must, by definition, also be ‘potentially’ supercooled. These calculations are160
performed using the Gibbs-SeaWater (GSW) Oceanographic Toolbox (McDougall & Barker,161
2011). Since the magnitude of the supercooling signal (order 0.001 ◦C to 0.1 ◦C) can in162
some instances be comparable to the measurement uncertainty, we include the respec-163
tive uncertainties in temperature, salinity, and pressure from each sampling method (Sec-164
tion 2.1) and propagate them to the derived quantities. Profiles with a maximum de-165
gree of potential supercooling smaller than the uncertainty are excluded from the anal-166
ysis (Section 4). Additionally, 8.8% of the supercooled profiles are excluded due to other167
issues, leaving 17,896 profiles with significant potential supercooling, of which 7,897 pro-168
files contain in-situ supercooling.169
2.3 Separation of sea-ice and ice-shelf supercooling170
We separate all profiles with potential or in-situ supercooling into different cate-171
gories. First, all profiles where the uppermost potentially supercooled layer occurs above172
20 m are classified as ‘sea-ice’ supercooled profiles (9,675 profiles). Second, all profiles173
where the top of the potentially supercooled layer occurs below 100 m depth and at least174
10 m below the uppermost measurement are classified as ‘ice-shelf’ supercooled profiles175
(7,347 profiles). The ‘sea-ice’ supercooling criterion is motivated by the interpretation176
that supercooling originates at the surface, whilst the ‘ice-shelf’ supercooling definition177
is based on the interpretation that heat must be lost at depth. Our choice of classifica-178
tion criteria is supported by the distinct vertical structures and spatio-temporal char-179
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acteristics of the two resulting sets of supercooled profiles (Section 3). We identify a sub-180
set of ‘sea-ice’ supercooled profiles that additionally have one or more subsurface super-181
cooled layers (interrupted by non-supercooled layers) as containing both ‘sea-ice’ and ‘ice-182
shelf’ supercooling (133 profiles). These profiles are included in both categories for spa-183
tial and temporal statistics, but excluded from vertical statistics. We also identify ‘sea-184
ice’ supercooled profiles that have potential supercooling over the entire water column185
or a maximum degree of supercooling either below the permanent pycnocline or below186
100 m (3,430 profiles). Here, the permanent pycnocline is defined as the vertical max-187
imum buoyancy frequency (vertically smoothed using a 5-point running mean) at least188
10 m below the mixed-layer depth (MLD) or below 50 m if the MLD could not be com-189
puted (Feucher et al., 2019). The MLD is defined as the depth where the surface-referenced190
potential density exceeds the one closest to 10 m (but not exceeding 20 m) by 0.02 kg191
m−3 (de Boyer Monte´gut et al., 2004; Wilson et al., 2019). These profiles are treated sep-192
arately because subsurface ice-shelf processes additional to the surface sea-ice processes193
cannot be ruled out. Therefore, these profiles are removed from any vertical statistics194
of the ‘sea-ice’ supercooled profiles, but included in the spatial and seasonal statistics195
of ‘sea-ice’ supercooling. 1,007 supercooled profiles fall into neither ‘sea-ice’ nor ‘ice-shelf’196
category and are excluded from our analysis.197
3 Results198
Out of the 309,387 profiles that we analyzed, 17,896 (5.8%) have a degree of po-199
tential supercooling, and 7,897 (2.6%) a degree of in-situ supercooling, larger than the200
respective measurement uncertainties (Figures 2e and 2f). Profiles containing potential201
supercooling occur predominantly on the continental shelf and close to large ice shelves202
of the Ross, Weddell, and Pyrdz embayments, but also in other continental shelf regions203
(Figures 2a, e). Further, our analysis reveals a surprisingly large coverage of potential204
supercooling from the coast to the winter-time sea-ice edge. Almost half of the profiles205
with potential supercooling also show in-situ supercooling (Figure 2f). In-situ supercool-206
ing has a similar spatial coverage to potential supercooling, except it is less concentrated207
in coastal waters. While their fraction and spatial patterns might be influenced by spatio-208
temporal sampling biases, our analysis demonstrates that potential and in-situ super-209
cooling are much more widespread in the Southern Ocean than had been found in pre-210
vious, more regionally limited, observations (Sections 1 and 4).211
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We observe the highest percentages of profiles with potential supercooling (7.7%)212
during austral fall (March to May), followed by austral winter (June to August; 5.5%),213
and the lowest percentages during austral spring (September to November; 3.6%) and214
austral summer (December to February; 3.6%; Figures 3a-d). While it is present year-215
round on the continental shelf, in the off-shelf region, the coverage largely follows the sea-216
sonal evolution of the sea-ice cover and appears to result from sea-ice formation during217
austral fall and winter. The seasonal cycle of the percentage of profiles that we defined218
as ‘sea-ice’ supercooled (Section 2.3) follow, with a slight delay, the sea-ice growth and219
decay, with highest percentages between May and July (Figure 3e). In contrast, the oc-220
currence of ‘ice-shelf’ supercooled profiles peaks in late austral summer and fall (March).221
Such a seasonal ‘ice-shelf’ signal is consistent with the melting seasonality of e.g. the Fim-222
bul (Hattermann et al., 2012; Smedsrud et al., 2006) and Nivlisen (Lindba¨ck et al., 2019)223
ice shelves. Late summer melt peaks of these ice shelves have been linked to warm sur-224
face waters. However, the seasonality of warm-water intrusion beneath ice shelves and225
associated basal melting may differ across shelf regions (Jacobs et al., 1985, 1992; Moor-226
man et al., 2020).227
The shallow supercooled profiles associated with sea-ice formation processes (3.2%)228
cover large parts of the seasonal sea-ice region (Figure 4a). Their mean vertical profile229
exhibits both potential and in-situ supercooling in the upper 50 m of the water column230
(Figure 4b). However, this vertical structure is strongly influenced by the warmer tem-231
peratures at the subsurface in some of the profiles, such that the mean signal is more con-232
fined to the surface and less uniform than the component profiles (Figure S2). There-233
fore, we also calculated the mean degree of supercooling below the surface-referenced (solid)234
and in-situ (dashed) freezing point (Figure 4c), which is zero for a degree of supercool-235
ing smaller than the respective measurement uncertainty. 98% of the ‘sea-ice’ profiles236
have a signal of potential supercooling in the upper 10 m with a mean degree of super-237
cooling of 0.050 ◦C (Figure 4c). Almost all of these profiles also have in-situ supercool-238
ing in the upper 10 m (error bar at 99.5%), which exceeds the measurement uncertainty239
only in 78% of the cases. In 31% of all the ‘sea-ice’ profiles, the potential supercooling240
signal extends below the MLD (dashed line in Figure 4c). In fact, in 23% of all cases,241
the signal reaches the permanent pycnocline (Figures 4d and S3). In a few cases on the242
continental shelf (3.7%), it extends even below the permanent pycnocline. This deep ver-243
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tical extent of ‘sea-ice’ potential supercooling provides evidence for dense and cold con-244
vective plumes (Section 4).245
‘Ice-shelf’ potentially supercooled profiles (2.4%) are confined to the continental246
shelf region, with largest relative occurrence along the Ross, Filchner-Ronne, and Amery247
Ice Shelves (Figure 4e). These signals mostly occur at depth (Figure 4f) with a maxi-248
mum average degree of supercooling of 0.067 ◦C at 564 m (Figure 4g). Most (68%) ‘ice-249
shelf’ supercooled profiles are shallower than 600 m. Only 14% of the ‘ice-shelf’ profiles250
have potential supercooling above 200 m and in 10% it occurs above the permanent py-251
cnocline (Figure 4h). The rather deep signal of potential supercooling in these profiles252
is largely associated with DSW in the four locations identified as source regions for AABW:253
the Weddell Sea, Ross Sea, Ade´lie Coast, and Prydz Bay (Figure 4e; Foldvik et al., 2004;254
Narayanan et al., 2019). Whilst the ‘ice-shelf’ criteria captures supercooled water at depth,255
ISW that rises towards the surface will likely fall into our category characterized by the256
presence of potential supercooling over the entire water column or a maximum degree257
of supercooling at depth and at the surface (section 2.3). These profiles occur along ice-258
shelf edges (Figure S4d), and coincide with previous observations in McMurdo sound (Leonard259
et al., 2011; Langhorne et al., 2015; Brett et al., 2020) and Prydz Bay (Penrose et al.,260
1994).261
4 Discussion262
Due to the relatively small degree of supercooling (order 0.001 ◦C to 0.1 ◦C), ac-263
curate measurements are critical to detect the signals. Accounting for the estimated in-264
strument uncertainty, we find that 44% of all profiles initially identified as potentially265
supercooled have a maximum degree of potential supercooling smaller than the estimated266
uncertainty and are excluded from our analysis. Thus, the potential supercooling frac-267
tion could be as large as 10.4% (rather than 5.8%) when also including potential super-268
cooling smaller than the instrument uncertainty. Similarly, the in-situ supercooling frac-269
tion could be as large as 5.9% (rather than 2.6%). Most (98%) of these excluded pro-270
files are from the MEOP data because of their larger uncertainties. The signals stem-271
ming from Argo and ship-based data are very robust, but only 10% of the potentially272
supercooled and 2% of the in-situ supercooled profiles stem from these sources. Each of273
the respective products supports our general finding of a widespread supercooling in the274
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Southern Ocean, but regional patterns might differ due to product specific uncertain-275
ties and sampling biases (Figure S5).276
Generally, we expect MEOP data to over-sample and Argo and ship-based obser-277
vations to under-sample supercooled water. A potential bias in our analysis arises from278
elephant seals (MEOP) preferentially spending time in leads and polynyas (Labrousse279
et al., 2018), which would cause an overestimation of the percentage of supercooled pro-280
files, especially those associated with sea-ice formation. This sampling bias could also281
cause spatial patches of higher occurrences of supercooling (Figures 2e-f) where a larger282
number of MEOP profiles are present (Figure 2c). For example, relatively high super-283
cooling fractions off the Ade´lie coast (Figures 2e-f) result from a small number of seals284
with a large number of profiles in certain locations along the sea-ice edge. Another po-285
tential overestimation is induced by the large number of profiles concentrated near the286
Antarctic coast. However, the dominant seasonal signals in Figure 3 are reproduced when287
the analysis is limited to coastal profiles (Figure S6). Both Argo and ship-based casts288
might systematically under-sample supercooling. Argo floats mostly sample the off-shelf289
region, which has a generally lower fraction of supercooled profiles (Figure S5a). Addi-290
tionally, shallow supercooling in winter might be missed by the Argo profiles due to the291
ice-avoidance algorithm, which causes a termination of the profiles between about 5 and292
25 m under ice (Riser et al., 2018) and could thus explain the low fraction of in-situ su-293
percooling in Argo data (Figure S5d). The summer bias of ship-based observations causes294
a lack of detection of ‘sea-ice’ supercooled profiles (Figures S5c and S5f). Due to these295
issues with the respective data sets, the reported fractions should not be extrapolated296
to the Southern Ocean as a whole and regional patterns might be affected by sampling297
biases.298
The average monthly mean heat loss required to cause temperatures below the sur-299
face freezing point is 6 W m−2 for the ‘sea-ice’ profiles and 15 W m−2 for the ‘ice-shelf’300
profiles. The heat loss required to form the mean ‘sea-ice’ supercooled layer is equiva-301
lent to about 5 cm of sea-ice formation, which seems rather small compared to the sev-302
eral meters of ice that are formed in Antarctic coastal polynyas (Tamura et al., 2016).303
However, it appears relatively important when considering that the supercooled layer304
acts to cool the subsurface where heat loss, in the absence of convective plumes, largely305
occurs through upward vertical diffusion. For example, the annual mean heat loss from306
Weddell Sea Deep Water to the surface and the atmosphere is estimated to be 16 W m−2307
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(Gordon & Huber, 1990). Compared to this heat loss, sinking of supercooled plumes could308
be an important pathway for extracting heat from the deeper layers of the Southern Ocean309
that is currently unrepresented in global climate models, which prohibit sustained in-310
situ supercooling.311
Further research is needed to investigate the exact causes of the ‘sea-ice’ supercooled312
profiles. The strong heat loss during winter in wind-induced polynyas, leads, and at the313
ice edge (Skogseth et al., 2009; Ito et al., 2015), potentially accompanied by turbulent314
downward mixing of frazil ice (Matsumura & Ohshima, 2015), as well as brine rejection315
and drainage (Weeks & Ackley, 1982; Peterson, 2018) could contribute. The latter as-316
pect could explain open-ocean supercooling away from major sea-ice formation sites, and317
also during melt-season. Brine often forms pockets and channels within the sea ice and318
is only rejected to the ocean after ice formation (Lake & Lewis, 1970; Cole & Shapiro,319
1998). Due to its much higher salinity, the brine has a much lower freezing point tem-320
perature than the seawater and thus may be cooler than the freezing point of the am-321
bient water. Under calm conditions, the drainage of cold brine streamers (Ushio & Wakat-322
suchi, 1993; Middleton et al., 2016) could supercool the surrounding seawater and may323
lead to the formation of stalactites (Paige, 1970; Dayton & Martin, 1971; Martin, 1974).324
Supercooling also occurs at a growing sea-ice interface (Weeks & Ackley, 1982), but there325
have been no studies that suggest this supercooling can mix deeper and persist. Inde-326
pendent of the question of whether the ‘sea-ice’ supercooled water is associated with tur-327
bulent heat loss in the upper layer, downward mixing of frazil ice, or possibly sinking brine,328
the rather deep-reaching extent of the supercooled layer requires some form convective329
sinking of dense supercooled plumes from the surface layer. Another potential source of330
supercooling that we have not considered here and is not well understood is the melt-331
ing of icebergs in the Southern Ocean. Since melting of icebergs occurs at depth (FitzMaurice332
et al., 2017), their melt plumes could contain a signal similar to melting ice shelves.333
5 Summary & Conclusions334
In this study, we show that potential and in-situ supercooling is widespread in the335
Southern Ocean. We find that 5.8% of all analyzed hydrographic profiles south of 55◦336
S carry a signal of potential supercooling and 2.6% of all profiles carry a signal of in-situ337
supercooling. This occurrence is potentially affected by sampling biases and is calculated338
with a supercooling exceeding the measurement uncertainty. If this criteria is relaxed,339
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10.4% of profiles have potential supercooling, and 5.9% have in-situ supercooling. We340
identify two distinctly different categories of supercooled profiles, one where the super-341
cooling originates at depth and one where supercooling is induced at the surface. We at-342
tribute the former category to the melting of ice shelves along the Antarctic coast and343
the latter to the formation of sea ice. Both the spatial distribution and seasonal evolu-344
tion support this interpretation, with the ‘sea-ice’ supercooled profiles following the sea-345
sonal expansion and decay of the sea-ice cover and the ‘ice-shelf’ supercooled profiles oc-346
curring along the major Antarctic ice shelves. While supercooled ISW associated with347
the melting of ice shelves has been studied previously, a widespread occurrence of su-348
percooling associated with sea-ice formation has not yet been identified in the South-349
ern Ocean. We suggest that the ‘sea-ice’ induced potential supercooling can in some cases350
(23%) reach as deep as the permanent pycnocline due to convective sinking. This rather351
deep vertical extent of the potential supercooling would extract heat from the subsur-352
face layers, which could be an important process for setting up the Southern Ocean water-353
mass structure. In addition to vertical heat transport, this process may be important354
for the vertical transport of salt, carbon, oxygen, and nutrients. Further studies of these355
processes in the ice-covered Southern Ocean would greatly benefit from suitable mea-356
surement platforms, e.g. ice-tethered profilers, and technological advances in sensor ac-357
curacy and precision.358
Acknowledgments359
All data used in this study are openly available in these repositories and cited in the ref-360
erences: https://doi.org/10.17882/42182#72592, https://www.nodc.noaa.gov/OC5/361
SELECT/dbsearch/dbsearch.html, https://doi.org/10.17882/45461, https://doi362
.org/10.7265/N59P2ZTG, https://doi.org/10.7265/N5FF3QJ6.363
F.A.H. was supported by the SNSF grant numbers P2EZP2 175162 and P400P2 186681.364
This work was supported by NSF’s Southern Ocean Carbon and Climate Observations365
and Modeling (SOCCOM) Project under the NSF Award PLR-1425989. R. M. would366
like to thank NOAA GFDL for mentorship and computational support. S.R. was also367
supported by the US Argo grant and NOAA grant NA15OAR4320063 to University of368
Washington. L.H.S. thanks the Fulbright Foundation for the US-Norway Arctic Chair369
grant.370
–12–
©2020 American Geophysical Union. All rights reserved.
manuscript submitted to Geophysical Research Letters
Argo data were collected and made freely available by the International Argo Pro-371
gram and the national programs that contribute to it (http://www.argo.ucsd.edu, http://argo.jcommops.org).372
The Argo Program is part of the Global Ocean Observing System. The marine mam-373
mal data were collected and made freely available by the International MEOP Consor-374
tium and the national programs that contribute to it (http://www.meop.net). Ship-based375
CTD data were made freely available by World Ocean Database 2018 and the national376
programs that contributed to it. We are deeply thankful to the large number of scien-377
tists, technicians, and funding agencies contributing to these databases, being respon-378
sible for the collection and quality control of the high-quality data that form the basis379
of this work. We thank Josh Plant for his initial notification on very low temperatures380
observed in some of the float profiles. We would also like to thank the students, teach-381
ers, and schools who are participating in the SOCCOM Adopt-a-Float program. Four382
of the floats used in this study were adopted and have a clear signal of supercooling. These383
participants are listed in supplementary Table S1.384
References385
Argo. (2020). Argo float data and metadata from Global Data Assembly Centre386
(Argo GDAC) - Snapshot of Argo GDAC of April 9st 2020. SEANOE. doi: 10387
.17882/42182#72592388
Barker, P. M., & McDougall, T. J. (2017). Stabilizing hydrographic profiles with389
minimal change to the water masses. Journal of Atmospheric and Oceanic390
Technology, 34 (9), 1935–1945. doi: 10.1175/JTECH-D-16-0111.1391
Boyer, T., Baranova, O., Coleman, C., Garcia, H., Grodsky, A., Locarnini, R., . . .392
Zweng, M. (2018). World Ocean Database 2018. NOAA Atlas NESDIS 87.393
Brett, G., Irvin, A., Rack, W., Haas, C., Langhorne, P., & Leonard, G. (2020).394
Variability in the distribution of fast ice and the sub-ice platelet layer near395
McMurdo Ice Shelf. Journal of Geophysical Research: Oceans, 125 (3). doi:396
10.1029/2019jc015678397
Chamberlain, P., Talley, L., Mazloff, M., Riser, S., Speer, K., Gray, A., & Schwartz-398
man, A. (2018). Observing the ice-covered Weddell Gyre with profiling floats:399
position uncertainties and correlation statistics. Journal of Geophysical Re-400
search: Oceans , 123 (11), 8383– 8410. doi: 10.1029/2017JC012990401
Cole, D., & Shapiro, L. (1998). Observations of brine drainage networks and mi-402
–13–
©2020 American Geophysical Union. All rights reserved.
manuscript submitted to Geophysical Research Letters
crostructure of first-year sea ice. Journal of Geophysical Research: Oceans,403
103 (C10), 21739–21750. doi: 10.1029/98JC01264404
Countryman, K. (1970). An explanation of supercooled waters in the Ross Sea.405
Deep-Sea Research and Oceanographic Abstracts, 17 (1), 85–90. doi: 10.1016/406
0011-7471(70)90089-6407
Dayton, P., & Martin, S. (1971). Observations of ice stalactites in McMurdo Sound,408
Antarctica. Journal of Geophysical Research, 76 (6), 1595–1599. doi: 10.1029/409
jc076i006p01595410
de Boyer Monte´gut, C., Madec, G., Fischer, A., Lazar, A., & Iudicone, D. (2004).411
Mixed layer depth over the global ocean: An examination of profile data and a412
profile-based climatology. Journal of Geophysical Research C: Oceans, 109 (12),413
1–20. doi: 10.1029/2004JC002378414
De Pace, L., Smith, M., Thomson, J., Stammerjohn, S., Ackley, S., & Loose, B.415
(2019). Frazil ice growth and production during katabatic wind events416
in the Ross Sea, Antarctica. The Cryosphere Discussions, 2019 . doi:417
10.5194/tc-2019-213418
Drucker, R., Martin, S., & Moritz, R. (2003). Observations of ice thickness and frazil419
ice in the St. Lawrence Island polynya from satellite imagery, upward looking420
sonar, and salinity/temperature moorings. Journal of Geophysical Research,421
108 (C5). doi: 10.1029/2001jc001213422
Feucher, C., Maze, G., & Mercier, H. (2019). Subtropical Mode Water and Per-423
manent Pycnocline Properties in the World Ocean. Journal of Geophysical Re-424
search: Oceans , 124 (2), 1139–1154. doi: 10.1029/2018JC014526425
FitzMaurice, A., Cenedese, C., & Straneo, F. (2017). Nonlinear response of ice-426
berg side melting to ocean currents. Geophysical Research Letters, 44 (11),427
5637–5644. doi: 10.1002/2017GL073585428
Foldvik, A., Gammelsrød, T., Øterhus, S., Fahrbach, E., Rohardt, G., Schro¨der, M.,429
. . . Woodgate, R. (2004). Ice shelf water overflow and bottom water formation430
in the southern Weddell Sea. Journal of Geophysical Research C: Oceans,431
109 (2). doi: 10.1029/2003jc002008432
Foldvik, A., & Kvinge, T. (1974). Conditional instability of sea water at the freezing433
point. Deep-Sea Research, 21 (3), 169–174. doi: 10.1016/0011-7471(74)90056434
-4435
–14–
©2020 American Geophysical Union. All rights reserved.
manuscript submitted to Geophysical Research Letters
Gordon, A., & Huber, B. (1990). Southern ocean winter mixed layer. Journal of436
Geophysical Research, 95 (C7), 11655. doi: 10.1029/JC095iC07p11655437
Hattermann, T., Nøst, O., Lilly, J., & Smedsrud, L. (2012). Two years of oceanic438
observations below the Fimbul Ice Shelf, Antarctica. Geophysical Research Let-439
ters , 39 (12). doi: 10.1029/2012GL051012440
Hood, E., Sabine, C., & Sloyan, B. (2010). The GO-SHIP Repeat Hydrography441
Manual: A Collection of Expert Reports and Guidelines (Tech. Rep.). IOCCP442
Report Number 14, ICPO Publication Series Number 134. Retrieved from443
http://www.go-ship.org/HydroMan.html.444
Ito, M., Ohshima, K., Fukamachi, Y., Simizu, D., Iwamoto, K., Matsumura, Y., . . .445
Eicken, H. (2015). Observations of supercooled water and frazil ice formation446
in an Arctic coastal polynya from moorings and satellite imagery. Annals of447
Glaciology, 56 (69), 307–314. doi: 10.3189/2015AoG69A839448
Jacobs, S., Fairbanks, R., & Horibe, Y. (1985). Origin and evolution of water masses449
near the Antarctic continental margin: Evidence from H18
2
O/H16
2
O ratios in450
seawater. In S. S. Jacobs (Ed.), Oceanology of the Antarctic Continental451
Shelf (pp. 59–85). Washington, D. C.: American Geophysical Union. doi:452
10.1029/AR043453
Jacobs, S., Helmer, H., Doake, C., Jenkins, A., & Frolich, R. (1992). Melting of454
ice shelves and the mass balance of Antarctica. Journal of Glaciology, 38 (130),455
375–387. doi: 10.3189/s0022143000002252456
Katlein, C., Mohrholz, V., Sheikin, I., Itkin, P., Divine, D. V., Stroeve, J., . . . Haas,457
C. (2020). Platelet Ice Under Arctic Pack Ice in Winter. Geophysical Research458
Letters , 47 (16). doi: 10.1029/2020gl088898459
Labrousse, S., Williams, G., Tamura, T., Bestley, S., Salle´e, J., Fraser, A., . . .460
Charrassin, J. (2018). Coastal polynyas: Winter oases for subadult south-461
ern elephant seals in East Antarctica. Scientific Reports , 8 (1), 1–15. doi:462
10.1038/s41598-018-21388-9463
Lake, R., & Lewis, E. (1970). Salt rejection by sea ice during growth. Journal of464
Geophysical Research, 75 (3), 583–597. doi: 10.1029/JC075i003p00583465
Langhorne, P., Hughes, K., Gough, A., Smith, I., Williams, M., Robinson, N., . . .466
Haskell, T. (2015). Observed platelet ice distributions in Antarctic sea ice:467
An index for ocean-ice shelf heat flux. Geophysical Research Letters, 42 (13),468
–15–
©2020 American Geophysical Union. All rights reserved.
manuscript submitted to Geophysical Research Letters
5442–5451. doi: 10.1002/2015GL064508469
Leonard, G., Langhorne, P., Williams, M., Vennell, R., Purdie, C., Dempsey, D.,470
. . . Frew, R. (2011). Evolution of supercooling under coastal Antarctic471
sea ice during winter. Antarctic Science, 23 (4), 399–409. doi: 10.1017/472
S0954102011000265473
Lewis, E., & Perkin, R. (1986). Ice pumps and their rates. Journal of Geophysical474
Research, 91 (C10), 11756. doi: 10.1029/jc091ic10p11756475
Lindba¨ck, K., Moholdt, G., Nicholls, K., Hattermann, T., Pratap, B., Thamban, M.,476
& Matsuoka, K. (2019). Spatial and temporal variations in basal melting at477
Nivlisen ice shelf, East Antarctica, derived from phase-sensitive radars. The478
Cryosphere, 13 (10), 2579–2595. doi: 10.5194/tc-13-2579-2019479
Martin, S. (1974). Ice stalactites: Comparison of a laminar flow theory with480
experiment. Journal of Fluid Mechanics , 63 (1), 51–79. doi: 10.1017/481
S0022112074001017482
Martinson, D. (1990). Evolution of the southern ocean winter mixed layer and sea483
ice: Open ocean deepwater formation and ventilation. Journal of Geophysical484
Research, 95 (C7), 11641. doi: 10.1029/JC095iC07p11641485
Matsumura, Y., & Ohshima, K. I. (2015). Lagrangian modelling of frazil ice in the486
ocean. Annals of Glaciology, 56 (69), 373–382. doi: 10.3189/2015AoG69A657487
McDougall, T., & Barker, P. (2011). Getting started with TEOS-10 and the Gibbs488
Seawater (GSW) Oceanographic Toolbox.489
McDougall, T., Barker, P., Feistel, R., & Galton-Fenzi, B. (2014). Melting of Ice and490
Sea Ice into Seawater and Frazil Ice Formation. Journal of Physical Oceanogra-491
phy, 44 (7), 1751-1775. doi: 10.1175/JPO-D-13-0253.1492
Meier, W., Fetterer, F., Savoie, M., Mallory, S., Duerr, R., & Stroeve, J. (2017).493
NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentra-494
tion, Version 3, 1979-2018. Boulder, Colorado USA: NSIDC: National Snow495
and Ice Data Center. doi: 10.7265/N59P2ZTG496
Meier, W., Fetterer, F., & Windnagel, A. (2017). Near-Real-Time NOAA/NSIDC497
Climate Data Record of Passive Microwave Sea Ice Concentration, Version498
1, 2019-2020. Boulder, Colorado USA: NSIDC: National Snow and Ice Data499
Center. doi: 10.7265/N5FF3QJ6500
Mensah, V., Roquet, F., Siegelman-Charbit, L., Picard, B., Pauthenet, E., & Guinet,501
–16–
©2020 American Geophysical Union. All rights reserved.
manuscript submitted to Geophysical Research Letters
C. (2018). A Correction for the Thermal Mass–Induced Errors of CTD Tags502
Mounted on Marine Mammals. Journal of Atmospheric and Oceanic Technol-503
ogy, 35 , 1237–1252. doi: 10.1175/JTECH-D-17-0141.1504
Middleton, C., Thomas, C., De Wit, A., & Tison, J. (2016). Visualizing brine505
channel development and convective processes during artificial sea-ice growth506
using Schlieren optical methods. Journal of Glaciology, 62 (231), 1–17. doi:507
10.1017/jog.2015.1508
Moorman, R., Morrison, A., & Hogg, A. (2020). Thermal responses to Antarctic509
ice shelf melt in an eddy rich global ocean–sea-ice model. Journal of Climate,510
33 (15), 6599–6620. doi: 10.1175/jcli-d-19-0846.1511
Narayanan, A., Gille, S., Mazloff, M., & Murali, K. (2019). Water Mass Character-512
istics of the Antarctic Margins and the Production and Seasonality of Dense513
Shelf Water. Journal of Geophysical Research: Oceans, 124 (12), 9277-9294.514
doi: 10.1029/2018JC014907515
Omstedt, A. (1985). On Supercooling and Ice Formation in Turbulent Sea-water.516
Journal of Glaciology, 31 (109), 263–271. doi: 10.3189/s0022143000006596517
Omstedt, A., & Svensson, U. (1984). Modeling supercooling and ice formation in a518
turbulent Ekman layer. Journal of Geophysical Research, 89 (C1), 735. doi: 10519
.1029/JC089iC01p00735520
Paige, R. (1970). Stalactite growth beneath sea ice. Science, 167 (3915), 171–172.521
doi: 10.1126/science.167.3915.171-a522
Peng, G., Meier, W., Scott, D., & Savoie, M. (2013). A long-term and repro-523
ducible passive microwave sea ice concentration data record for climate524
studies and monitoring. Earth System Science Data, 5 (2), 311–318. doi:525
10.5194/essd-5-311-2013526
Penrose, J., Conde, M., & Pauly, T. (1994). Acoustic detection of ice crystals in527
Antarctic waters. Journal of Geophysical Research, 99 (C6), 12573–12580. doi:528
10.1029/93jc03507529
Peterson, A. (2018). Observations of brine plumes below melting Arctic sea ice.530
Ocean Science, 14 (1), 127–138. doi: 10.5194/os-14-127-2018531
Riser, S., Swift, D., & Drucker, R. (2018). Profiling Floats in SOCCOM: Techni-532
cal Capabilities for Studying the Southern Ocean. Journal of Geophysical Re-533
search: Oceans , 123 (6), 4055–4073. doi: 10.1002/2017JC013419534
–17–
©2020 American Geophysical Union. All rights reserved.
manuscript submitted to Geophysical Research Letters
Roquet, F., Charrassin, J., Marchand, S., Boehme, L., Fedak, M., Reverdin, G., &535
Guinet, C. (2011). Delayed-mode calibration of hydrographic data obtained536
from animal-borne satellite relay data loggers. Journal of Atmospheric and537
Oceanic Technology, 28 (6), 787–801. doi: 10.1175/2010JTECHO801.1538
Roquet, F., Guinet, C., Charrassin, J., Costa, D., Kovacs, K., Lydersen, C., . . .539
Fedak, M. (2018). MEOP-CTD in-situ data collection: a Southern ocean540
Marine-mammals calibrated sea water temperatures and salinities observations.541
SEANOE. doi: 10.17882/45461542
Roquet, F., Williams, G., Hindell, M., Harcourt, R., McMahon, C., Guinet, C.,543
. . . Fedak, M. (2014). A Southern Indian Ocean database of hydrographic544
profiles obtained with instrumented elephant seals. Scientific Data, 1 . doi:545
10.1038/sdata.2014.28546
Roquet, F., Wunsch, C., Forget, G., Heimbach, P., Guinet, C., Reverdin, G., . . .547
Fedak, M. (2013). Estimates of the Southern Ocean general circulation im-548
proved by animal-borne instruments. Geophysical Research Letters, 40 (23),549
6176–6180. doi: 10.1002/2013GL058304550
Schlosser, E., Haumann, F., & Raphael, M. (2018). Atmospheric influences on the551
anomalous 2016 Antarctic sea ice decay. The Cryosphere, 12 (3), 1103–1119.552
doi: 10.5194/tc-12-1103-2018553
Shcherbina, A., Talley, L., & Rudnick, D. (2004). Dense water formation554
on the northwestern shelf of the Okhotsk Sea: 1. Direct observations of555
brine rejection. Journal of Geophysical Research, 109 (C9), C09S08. doi:556
10.1029/2003JC002196557
Siegelman, L., Roquet, F., Mensah, V., Rivie`re, P., Pauthenet, E., Picard, B., &558
Guinet, C. (2019). Correction and accuracy of high- and low-resolution CTD559
data from animal-borne instruments. Journal of Atmospheric and Oceanic560
Technology, 36 (5), 745–760. doi: 10.1175/JTECH-D-18-0170.1561
Skogseth, R., Nilsen, F., & Smedsrud, L. (2009). Supercooled water in an Arc-562
tic polynya: observations and modeling. Journal of Glaciology, 55 (189), 43–52.563
doi: 10.3189/002214309788608840564
Smedsrud, L. (2001). Frazil-ice entrainment of sediment: large-tank lab-565
oratory experiments. Journal of Glaciology, 47 (158), 461–471. doi:566
10.3189/172756501781832142567
–18–
©2020 American Geophysical Union. All rights reserved.
manuscript submitted to Geophysical Research Letters
Smedsrud, L., Jenkins, A., Holland, D., & Nøst, O. (2006). Modeling ocean568
processes below Fimbulisen, Antarctica. Journal of Geophysical Research,569
111 (C1), C01007. doi: 10.1029/2005JC002915570
Tamura, T., Ohshima, K., Fraser, A., & Williams, G. (2016). Sea ice production571
variability in Antarctic coastal polynyas. Journal of Geophysical Research:572
Oceans , 121 (5), 2967–2979. doi: 10.1002/2015JC011537573
Treasure, A., Roquet, F., Ansorge, I., Bester, M., Boehme, L., Bornemann, H., . . .574
de Bruyn, P. (2017). Marine Mammals Exploring the Oceans Pole to Pole:575
A Review of the MEOP Consortium. Oceanography, 30 (2), 132–138. doi:576
10.5670/oceanog.2017.234577
Ushio, S., & Wakatsuchi, M. (1993). A laboratory study on supercooling and frazil578
ice production processes in winter coastal polynyas. Journal of Geophysical Re-579
search, 98 (C11). doi: 10.1029/93jc01905580
Weeks, W., & Ackley, S. (1982). The Growth, Structure, and Properties of Sea581
Ice. In N. Untersteiner (Ed.), The Geophysics of Sea Ice (p. 136). Boston, MA:582
Springer. doi: 10.1007/978-1-4899-5352-0 2583
Wilson, E., Riser, S., Campbell, E., & Wong, A. (2019). Winter Upper-Ocean Stabil-584
ity and Ice–Ocean Feedbacks in the Sea Ice–Covered Southern Ocean. Journal585
of Physical Oceanography, 49 (4), 1099–1117. doi: 10.1175/JPO-D-18-0184.1586
Wong, A., & Riser, S. (2011). Profiling Float Observations of the Upper Ocean587
under Sea Ice off the Wilkes Land Coast of Antarctica. Journal of Physical588
Oceanography, 41 (6), 1102–1115. doi: 10.1175/2011JPO4516.1589
Wong, A., Wijffels, S., Riser, S., Pouliquen, S., Hosoda, S., Roemmich, D., . . . Park,590
H. (2020). Argo data 1999-2019: two million temperature-salinity profiles591
and subsurface velocity observations from a global array of profiling floats.592
Frontiers in Marine Science, 7 , 700. doi: 10.3389/FMARS.2020.00700593
–19–
©2020 American Geophysical Union. All rights reserved.
manuscript submitted to Geophysical Research Letters
Figure 1. Schematic illustration of processes causing potential (blue shading) and in-situ
(purple shading) supercooling in the Southern Ocean. On the left: Ice-shelf melting forming Ice
Shelf Water (ISW) that can either sink as Dense Shelf Water (DSW) or buoyantly rise towards
the surface to become in-situ supercooled. On the right: Sinking supercooled plumes associated
with sea-ice formation either caused by turbulent heat loss in open water or by sinking brine.
Red arrows illustrate heat loss. Light red shading indicates warm Circumpolar Deep Water. The
vertical axes show a decreasing in-situ freezing point with depth for a salinity of 34 PSU.
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Figure 2. Spatial distribution of a-d) observations and e-f) supercooled water in the Southern
Ocean. Profiles were mapped on a 2◦ longitude by 1◦ latitude spatial grid from a) all sources,
b) Argo floats, c) marine mammals, and d) ship-based measurements. Percentage of all profiles
per grid cell that are e) potentially and f) in-situ supercooled. Black: continental shelf (1000-m
isobath; solid) and climatological mean sea-ice edge (25% ice concentration; dashed).
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Figure 3. Seasonal evolution of potential supercooling in the Southern Ocean. a-d) Spatial
distribution of profiles with potential supercooling during each season. Black: continental shelf
(1000-m isobath; solid) and climatological mean sea-ice edge (25% ice concentration; dashed). e)
Seasonal cycle of the percentage of all profiles collected south of 55◦ S that are ‘sea-ice’ (blue)
and ‘ice-shelf’ (green) potentially supercooled. Red: climatological daily sea-ice area change.
Shading: sea-ice growth (blue) and decay (red).
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Figure 4. Horizontal and vertical structure of a-d) ‘sea-ice’ and e-h) ‘ice-shelf’ supercooled
profiles. a,e) Percentage of profiles per grid cell that are potentially supercooled. Black: conti-
nental shelf (1000-m isobath; solid) and climatological mean sea-ice edge (25% ice concentration;
dashed). b,f) Mean supercooled vertical profiles. c,g) Mean degree and layer percentage of po-
tential and in-situ supercooling. Error bars indicate the respective detection uncertainty due to
measurement uncertainties. d,h) Difference between the bottom of the supercooled layer and the
depth of the permanent pycnocline.
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